The blends of gelatin and shear-thinning hydrocolloids (guar gum, kappa-carrageenan and xanthan gum) were examined to determine the effect of the conformational change on the functional properties of the solutions. The polyelectrolyte complexes of 0.5% gelatin/0.5% polysaccharide in 70 mM KCl or 70 mM NaCl were investigated by the laboratory rheometer and conductivity meter in the temperature range 25 -45 °C. The rheological data were fitted by the power-law and Herschel-Bulkley model to obtain the flow parameters. The functional properties of the samples were substantially affected by the conformational change of the polysaccharide, as well as by the type of the hydrocolloid and salt solution. There was an evident change of viscosity and conductivity of the solutions upon heating, corresponding to the helix-coil transition of the polysaccharide at temperature about 35 °C. The type of the salt solvent had an effect on the gelation properties of the samples. Gelatin/kappa-carrageenan blend in NaCl provided a gel of high consistency at ambient temperature (20 -25 °C), whereas the blend in KCl did not gel in the studied temperature range. The potential stability of the blends was determined by zeta-potential analysis. The low values of ζ-potential indicate that the gelatin/polysaccharide blends are electrically unstable systems which tend to coagulate. The mixtures of gelatin/polysaccharide electrostatic complexes may have a great potential in many food applications.
INTRODUCTION
The biopolyelectrolyte complexes (PECs) in aqueous and salt solutions, formed by oppositely charged polysaccharides and proteins, were largely investigated in the last years. Particularly, the formation and physicochemical properties of these complexes were intensively studied (Derkach et al., 2015; Viebke, Piculell and Nilsson, 1994). Other research in the field of the polyelectrolyte complexes might be of great value in extending our knowledge of the protein/polysaccharide electrostatic complexation. The effect of the addition of hydrocolloids employed in these complexes and the hydrocolloid gels on the properties of food products can have a significant importance for manufacturing of food products (Bojňanská, Šmitalová and Vollmannová, 2016; Kumbár et al., 2017) . Notably, the investigation of electrostatic interaction between gelatin and polysaccharides seems to be beneficial for new practical applications of PECs in the food industry. Gelatin, which is broadly used in food production, is limited by its rheological properties, thermal stability, etc. The compatibility of gelatin with different ionic polysaccharides, such as guar gum, xanthan gum and kappa-carrageenan, is provided by the formation of PECs. It is possible to obtain new modifications of rheological properties of gelatin-based products using gelatinpolysaccharide combinations . One of the most common hydrocolloids in the polyelectrolyte complexes is carrageenan, an anionic polysaccharide, which plays a role of a basis in the electrostatic complexation. The κ-carrageenan molecule is negatively charged in aqueous solution due to one negatively charged sulphonic acid group per carrabiose unit. In the presence of a positively charged natural polyelectrolyte, κ-carrageenan self-assembles with the complementary polyelectrolyte, such as gelatin. The complexation with gelatin is provided by the electrostatic interaction between positively charged groups in gelatin and negatively charged sulfate groups in κ-carrageenan leading to conformational changes of gelatin macromolecules (Derkach et al., 2015; Voron'ko et al., 2016).
Gelatin, which is widely employed in the PECs, is protein (polypeptide) extracted by denaturation of collagen The electrostatic interactions are the main forces in the formation and stabilization of PECs, notably polysaccharide-protein complexes, although the hydrogen bonds and hydrophobic interactions are also important. As stated by Voron'ko et al. (2016), at high temperatures, when biopolymer macromolecules in solution assume the random coil conformation, hydrophobic interactions contribute to a large extent to complex stabilization. On the other hand, below and at the temperature of gelatin coil to helix conformational transition, the electrostatic interactions and hydrogen bonds play a decisive role in complex formulation.
In the field of food industry, the formation of an electrostatic complex between a polysaccharide and a protein, such as gelatin, plays an important role in many applications. The complexation is utilized for stabilizing of emulsions, design of low-calorie and low-starch food products, encapsulation of flavours, etc. The protein/polysaccharide complexes can be also used as new emulsifying agents providing unique emulsification properties (Cao et al., 2016; Li et al., 2012) . Moreover, the specific hydrophilic and polydisperse character of gelatin provides the electrostatic complexes a great nutritional value in the production of dietary food. The polyelectrolyte complexes of gelatin/polysaccharide can have health benefits for an average customer as a substitute of high-sugar content food products. In other words, the complexes can prevent some diseases such as diabetes resulting from a high consumption of sugars in an unhealthy diet (Li and Nie, 2016).
The goal of this research is to study the rheological and other functional properties of the gelatin/polysaccharide mixtures dependent on the temperature, salt solvent and hydrocolloid employed in the mixture. The effect of the conformational transition of the biopolyelectrolyte complex on the functional properties will be examined.
MATERIAL AND METHODOLOGY Materials
The powder samples of polysaccharides, guar gum (No. G4129), kappa-carrageenan (No. 22048, viscosity of 0.3% solution at 25 °C reported as 5 -25 mPa.s) and xanthan gum (No. G1253, viscosity of 1% solution reported as 800 -1200 mPa.s -1 ) were delivered by Sigma-Aldrich Co. (St. Louis, USA). Gelatin, potassium chloride (KCl) and sodium chloride (NaCl) were obtained by the Czech company IPL -Ing. Petr Lukeš (Uherský Brod, Czech Republic). All chemicals were of analytical grade.
The samples of hydrocolloids were stored in a dry laboratory place at room temperature (ca 25 °C) and relative humidity about 40% (vol.).
Samples preparation
The solution of 1.0% gelatin was prepared by dissolving the sample in 70 mM KCl or 70 mM NaCl. The gelatin was swelled in a minor amount of the solvent. Afterwards, the solution was heated at 45 °C to dissolve completely. Then the solution was cooled under ambient temperature.
The polysaccharide solutions of 1.0% w/w concentration were prepared by dissolving the samples in 70 mM KCl or 70 mM NaCl and mixing by a magnetic stirrer. Since the powder samples were only partially soluble in cold solvent, the solutions were treated at room temperature (ca 25 °C) for a long time and heated at 80 -89 °C for a short time to make easy the total dispersion. 0.5% w/w polysaccharide solutions were prepared in the same way as the reference samples.
The salt mixtures of gelatin/polysaccharide were prepared by blending the equal amounts of the stock solutions of 1.0% gelatin and 1.0% polysaccharide to achieve the final concentration of 0.5% w/w. The dispersions of gelatin/polysaccharide were stirred at 45 °C for 10 min. The solutions were kept at room temperature for 72 h to release air bubbles. Subsequently, the samples were stored in a refrigerator at temperature about 4 °C. Before the analyses, the samples were gently and carefully mixed and shaken to ensure the homogeneous consistency of the solutions.
Methods

Viscosimetric analysis
The viscosimetric analysis of the samples was performed using universal laboratory rheometer HAAKE RheoStress 1 (Thermo Scientific, USA) with automatic software. The model type of cylinder-cylinder geometry was used. The thermal control was ensured by thermostat HAAKE AC 200 (Thermo Scientific, USA).
Prior to testing, the samples were thermally equilibrated in the water bath. The viscosimetric measurements were performed at specific temperatures: 25 °C, 30 °C, 35 °C, 40 °C and 45 °C. The temperature was kept constant with an accuracy of ±0.5 °C using the heating circulator. The viscosity was measured in the shear rate between 2 and 200 s -1 . The shear rate was rising and decreasing, the duration of one cycle was 180 s.
The measurement was performed three times for each sample. The experimental data were statistically analysed and fitted by suitable rheological models, power-law (Ostwald-de Waele) model and Herschel-Bulkley model. The flow parameters were evaluated using the software SigmaPlot 2002 Version 8.0 (SPSS Inc., USA). The differences between the values of consistency coefficient (k), flow behaviour index (n) and yield stress (0) were considered at significant level p <0.0001. 
where: η is the dynamic viscosity (Pa.s), A is the preexponential factor (-), Ea is the activation energy (J.mol -1 ), R is the molar gas constant (8.3144598 J.K 
Conductivity measurement
The conductivity of the blends was determined by conductometer Mettler-Toledo (USA) in the temperature range 25 -45 °C. The temperature of the samples was ensured by the water bath Julabo MA-4 (Germany). Each sample was measured three times at specific temperatures: 25 °C, 27 °C, 29 °C, etc. The conductivity of 0.5% polysaccharide solutions as reference materials was also determined.
The conductivity of each sample was calculated as an average value of three measurements. The data were evaluated by plotting the graphs of conductivity C (mS.cm -1 ) versus temperature (°C).
Zeta potential analysis
The zeta potential of 0.5% gelatin/polysaccharide blends was measured by Zeta Potential Analyzer, Zeta Plus (Brookhaven Instruments Corporation, USA). The appropriate amount of the sample (1.6 ml) was poured into the squared polystyrene cuvette. The temperature of the samples was equilibrated at 25 °C by automatic software. Prior to testing, the pH-values of the solutions were measured by pH meter Five Easy Plus FEP 20 (MettlerToledo, Switzerland); the obtained results were entered as parameters for the following analysis. The values of zeta potential of the solutions, as well as the effective diameter of the particles were analysed by the software. The data were compared for the samples to evaluate the potential stability of the blends.
The zeta potential (ζ-potential) measurement consists in determining the electrostatic potential at the surface of shear which extends out from particle surface of the examined colloidal system. Generally, the electrostatic potential (y) is a function of distance from the particle surface and can be expressed by Eq. (2):
where y0 is the potential at the surface and k is a parameter that measures the decrease of the potential with distance. Similar to y, the ζ-potential decreases in an exponential fashion. The parameter k -1 , called the double layer thickness, plays an important role in determining the distance from the particle surface; k -1 is a function of temperature, dielectric constant of the liquid and ionic strength due to free ions (typically by added salt like KCl) in the bulk of the fluid (Anonym, 2000). The blends of gelatin/polysaccharide were dissolved in 70 mM KCl or 70 mM NaCl to eliminate contributions to the viscosity from intramolecular electrostatic repulsions which are typical for the polymer samples in distilled water (Kupská et al., 2014). The blends were prepared in two different salt solvents to follow the effects of helixcoil transition induced by external stimulus, i.e., by the change of temperature and type of the solvent. There was a clearly visible substantial change of the rheological behaviour of the blends reflecting a conformational transition of the helix to coil at temperature about 35 °C. The change corresponds to the conformational ordering of the polysaccharide in the gelatin/polysaccharide complex. The gelatin/ polysaccharide electrostatic complexation is enhanced due to the conformational transition of the polysaccharide from double helix to random coil upon heating. At higher temperatures (above 40 °C), gelatin in the complexes is present in the form of disordered coils. On the other hand, gelatin/polysaccharide complexes dissociate during cooling by the conformational ordering of the polysaccharide (coil to double helix transition) as reported by Cao et al. (2016) for gelatin/κ-carrageenan complexation.
RESULTS AND DISCUSSION
Viscosimetric analysis
The conformational transition temperature of the polysaccharide increases with the addition of salts such as KCl or NaCl. This is due to the reduction of electrostatic complex coacervation of gelatin/polysaccharide mixture with increasing salt concentration; the coacervation is entirely screened after exceeding a certain limit of the salt. For example, the electrostatic complex coacervation of 0.75% gelatin/κ-carrageenan mixture is completely screened when KCl concentration is more than 100 mM (Cao et al., 2016) . The samples in the present study showed different behaviour of the polysaccharide solutions and gelatin/polysaccharide blends in 70 mM KCl or 70 mM NaCl. The polysaccharide conformational transition affected the rheological properties of the blends; the flow parameters of pure polysaccharide solutions in 70 mM KCl were evidently different from the parameters of the blends as can be seen in Chyba! Nenašiel sa žiaden zdroj odkazov. to Chyba! Nenašiel sa žiaden zdroj odkazov..
As shown in the tables, temperature had a considerable effect on the flow behaviour of the studied solutions. The consistency coefficient (k) of the blends of guar gum/gelatin and κ-carrageenan/gelatin predominantly decreased with the temperature, whereas the flow behaviour index (n) increased with the temperature. The pure polysaccharide solutions of guar gum and κ-carrageenan showed the same trend. However, the xanthan gum/gelatin blends and pure xanthan solution exhibited an opposite behaviour of n versus temperature, as compared to other samples. For xanthan gum/gelatin blend in NaCl and pure xanthan solution in KCl, the flow behaviour index predominantly decreases, whereas the consistency coefficient increases within the studied temperature range (25 -45 °C). For xanthan gum/gelatin in KCl, there is an evident step change of flow behaviour index at 30 -35 °C. This change probably corresponds to the conformational transition of gelatin macromolecules, which undergo a helix to coil transition at temperature above 30 °C 35 °C could demonstrate the conformational ordering of xanthan gum, i.e., the transition from single coils to double helices. Overall, xanthan gum provides more viscous blends at higher temperatures, in contrast to guar gum and κ-carrageenan blends which tend to more Newtonian behaviour at elevated temperatures. The blends of xanthan gum also exhibit a significant yield stress (0) within the whole temperature range. Although the values of 0 were predominantly decreasing with the temperature, the yield stress was noticeable even at 45 °C, the highest temperature under study (1.647 Pa for the blend in KCl, and 0.973 Pa for the blend in NaCl, respectively, compared to 1.139 Pa for the pure xanthan solution). The viscosity stability of xanthan blends at elevated temperatures (relatively high at low-shear conditions) and the nonnegligible values of yield stress result from the weak intermolecular associations of xanthan structure, typical even at very low hydrocolloid concentration. This rheological behaviour of xanthan gum is a consequence of the progressive alignment of the rigid xanthan molecules with the shearing force (Marcotte et al., 2001 ).
For kappa-carrageenan and gelatin blends, the solutions in NaCl exhibit substantially larger values of yield stress and consistency coefficient, and comparatively lower values of flow behaviour index, than the samples in KCl. This fact can be related to the presence of the potassium or sodium cations which effect the gelation properties of the blends. It means that the flow parameters of the κ-carrageenan/gelatin blends, including yield stress values, are notably affected by the type of salt solvent. Κ-carrageenan/gelatin blends in NaCl provided a gel of high consistency at temperature about 25 °C, whereas the blend in KCl did not undergo a sol to gel transition within the studied temperature range. Therefore, the differences in the flow parameters between the blends in KCl and NaCl were substantive, particularly between the values of k and 0. This behaviour proves that κ-carrageenan can be largely used as co-gelators of gelatin-based solutions via interaction of charged gelatin with the polysaccharide macroions leading to formation of PECs. As stated by Derkach et al. (2015) the addition of κ-carrageenan to aqueous gelatin solutions affects the gelation kinetics of the blends, as well as the thermal stability of the system; moreover, the gelatin/κ-carrageenan ratio has a substantial influence on the flow parameters of the blends. In other words, according to the type of the solvent and concentration of the components, the blends of gelatin/κ-carrageenan tend to form a gel. The blends of gelatin with guar gum or xanthan gum in the present study did not undergo a sol to gel transition between 20 -45 °C.
In the case of guar gum, the rheological behaviour of the gelatin/guar gum blends and pure guar gum solution was considerably different. The flow parameters of 0.5% guar gum in KCl varied in a relatively narrow range whereas the parameters of the gelatin/guar gum blends both in KCl and NaCl exhibit an evident change with the temperature. This fact can probably be attributed to the synergistic effect of gelatin on the flow properties of gelatin/guar gum blends. Besides, the values of k and n are comparatively different for the blends in KCl and NaCl, respectively. The presence of chaotropic cations (K + ) and kosmotropic cations (Na + ) leads to the reduction of electrostatic complex coacervation of polysaccharide/gelatin system (Cao et al., 2016) . The mechanism of action of these ions is opposite: the chaotropic electrolytes (KCl) suppress the electrostatic repulsion effect on the polymer chains; moreover, the chaotropic ions can enhance the dissolution of colloidal aggregates which are ordinarily present in polysaccharide solutions under ambient conditions ( 
Arrhenius model
The temperature dependency of the blends' viscosity was investigated by the Arrhenius model. The activation energy (EA), which was calculated according to the model, represents an energy barrier of the reorientation of water molecules in the biopolymer system (Baranowska et al.,  2008) . It means, that the activation energy reflects the sensitivity of the molecular structure to the temperature and its change at a specified shear rate (Wang et al.,  2015) . The Arrhenius parameters in the present study are stated in Chyba! Nenašiel sa žiaden zdroj odkazov.. As can be seen from the table, relatively high values of EA were determined for the blends of guar gum/gelatin and for κ-carrageenan/gelatin blend in NaCl; these blends are relatively high temperature-dependent samples indicating a lower resistance of their structure at elevated temperatures. On the other hand, the lowest values of EA were calculated for the mixtures of xanthan gum and gelatin which were less affected by temperature. This fact proves that xanthan gum/gelatin blends have the ability to retain their gel network and viscosity at higher temperatures which is in compliance with the temperature dependency of apparent viscosity observed for xanthan A relatively high difference between the values of activation energy was determined for kappacarrageenan/gelatin blends in KCl and NaCl, respectively. However, the Arrhenius model seems to be not suitable for κ-carrageenan/gelatin blends because of low values of coefficient of determination (R 2 ). Therefore, the Arrhenius model was not applied in some cases. In all cases, the activation energy of the samples in 70 mM NaCl was higher than for the samples in KCl; it means that the blends in NaCl need higher amount of activation energy which is needed to promote the viscous flow than the samples in KCl. In the same way, the activation energy read at 20 s -1 was higher than EA read at 100 s -1 for all samples. This is in accordance with the fact that the structure of a hydrocolloid and its change with the shearing plays an important role in the temperature dependency of the solutions. As stated by (Marcotte et al.,  2001 ) the decrease in activation energy of the hydrocolloid solutions is, in varying degree, associated with an increase of the applied shear rate, depending on the type of hydrocolloid. The observations indicate that the energy necessary for the reorientation of water molecules in the gelatin/polysaccharide blends is obviously influenced by the type of hydrocolloid and salt solvent, as well as by the applied shear rate.
The Arrhenius plots of gelatin/polysaccharide blends read at shear rate of 20 s -1 are shown in Chyba! Nenašiel sa žiaden zdroj odkazov..
Conductivity measurement
The effect of conformational transition on conductivity of gelatin/polysaccharide blends depending on temperature was examined. As stated by Cao et al. (2016), pure gelatin solution contributes only negligibly to the conductivity of gelatin/polysaccharide blends. For that reason, the difference in conductivity between pure polysaccharide solution and gelatin/polysaccharide mixture reflects the difference between the polysaccharide in free and complex states. The average values of conductivity C (mS.cm -1 ), determined for the gelatin/polysaccharide blends, are summarized in Table 5 (the data of conductivity for pure polysaccharide solutions used as reference materials are not stated).
As can be seen from the graph (Figure 1) there is an evident change of conductivity at temperature about 35 °C, both for blends in KCl and NaCl, which can be attributed to the helix-coil transition of the polysaccharide. This conformational change entails a steep rise of conductivity above 35 °C. As in the case of rheological behaviour, the change in the slope of conductivity can be considered as confirmation of the effect of polysaccharide conformational ordering on the functional properties of gelatin/polysaccharide complexes.
Zeta potential analysis
The potential stability of the gelatin/polysaccharide blends was evaluated based on the results of zeta potential (ζ-potential) analysis. The experimental data of ζ-potential, pH-values of the solutions and effective diameter of the particles are summarized in Chyba! Nenašiel sa žiaden zdroj odkazov..
The zeta potential is a potential difference between the fluid volume and the thin layer of the counter ions tied to the particle surface. It represents the potential at the plane where slip with respect to bulk solution occurs. In other words, ζ-potential is an electrokinetic potential at the interface between compact and diffusive part of electric double layer. The electric charge of the double layer affects the stability of a colloidal system; ζ-potential is a function of interface order and its sign is opposite to the charge of the ions of outer layer in the electric double layer.
The zeta potential value is dependent on the nature of the surface, its charge (related to pH), the electrolyte concentration in the solution, and the nature of the electrolyte and solvent.
The most important factor for ζ-potential determination is the pH-value. The zero value of ζ-potential indicates the least stable state of the colloidal system at a defined pH, i.e., an isoelectric point of the system (Anonym, 2000; Delgado et al., 2007) .
Zeta potential analysis was used to characterize the gelatin/polysaccharide blends. More specifically, the analysis determined the potential difference among the blend medium and the layer of fluid related to the dispersed particles. The colloidal particles (when dispersed in an aqueous medium) prone to interact with other close particles to form aggregates or clusters by attractive forces or remain dispersed via electrostatic repulsion. The balance between attractive and repulsive forces depends on surface charge characteristic which is determined by material and solution type; for example, an electrostatically stabilized colloid is possible to coagulate by adding enough electrolyte such as KCl. Thus, the zeta potential provided information about the magnitude of the electrostatic repulsive forces of the examined colloid systems (Gerzhova et al., 2016; Wu et al., 2015) .
In the present study, the low values of ζ-potential determined for all samples (less than ±10 mV) indicate the instability of gelatin/polysaccharide blends, which tend to coagulate. It means that the electrostatic repulsion between similarly charged nearby particles in the solutions is weak and the blends do not resist aggregation. It suggests that the particles of the blends are not small enough, and the attractive forces between them exceed the electrostatic repulsion.
The highest ζ-potential (in absolute value) was measured for κ-carrageenan/gelatin in NaCl (7.21 mV) with corresponding effective diameter of the particles 14463 nm. On the other hand, the lowest values of ζ-potential were determined for guar gum/gelatin blends both in KCl and NaCl (around ±1.0 mV) which represent the least electrically stabilized blends of all samples.
CONCLUSION
The results of the present study demonstrate that the conformational transition of gelatin/polysaccharide polyelectrolyte complex has a substantial influence on the functional properties of gelatin/polysaccharide blends. The noticeable change of flow parameters and conductivity of the solutions upon heating, determined about 35 °C, corresponds to the helix-coil transition of the
